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Room-temperature P -band emission induced by an exciton{exciton collision process was observed in ZnO micro-
rods. Both temperature- and excitation-intensity-dependent photoluminescence (PL) measurements were con-
ducted. The excitation-intensity-dependent measurement illustrated that the P -band emission could occur at
far lower excitation intensity than that reported in the literature. Higher-order transitions were also observed
at the excitation intensity of 7.1 kW/cm2 or above. The temperature-dependent PL showed that the P -band
emission process was thermally activated. It is suggested that both the density and activity of free excitons
played important roles in the exciton{exciton collision process.

PACS: 78. 55. Et, 78. 67. Lt, 78. 55. Hx, 81. 05. Ea

ZnO is one of the wide-band gap semiconductors,
which has a band-gap of 3.37 eV at room tempera-
ture and the exciton binding energy of 60meV.[1�4]

The high exciton binding energy ensures that exci-
tonic survival is well above room temperature. Since
the ultraviolet lasing of ZnO �lms was reported at
room temperature in 1997, the study of the photolu-
minescence property of ZnO has attracted consider-
able interest.[5�7] This is largely due to the potential
commercial value of ZnO for short-wavelength semi-
conductor diode lasers.[8�15] The mechanism of laser
emission of ZnO thin �lms is believed to be exciton{
exciton scattering at intermediate intensity excitation,
however it may switch to electron{hole plasma emis-
sion at high intensity excitation.[9]

It is clear that a detailed understanding of the
exciton{exciton collision process is very important for
lowering the lasing threshold of ZnO. The theory of
the exciton{exciton collision process was extensively
studied in the 1970s.[16�19] The exciton{exciton colli-
sion process has been observed in bulk ZnO at cryo-
genic temperature[16�19] and in self-assembled ZnO
microcrystallite thin �lms at room temperature.[9] It
was also reported that the lasing threshold of a ZnO
single crystal platelet was at 60K rather than at
10K when the sample was under-pulsed electron beam
excitation.[20] However, there has been little discussion
in the literature since then.

In this Letter, we report both on excitation-
intensity- and temperature-dependent photolumines-
cence investigation of ZnO micro-rods. A thermally
activated process was observed in the exciton{exciton
collision process.

ZnO micro-rods were successfully fabricated by
a simple thermal oxidation technique as reported
elsewhere.[21] The size of micro-rods was � 10�m in
diameter and � 3mm in length. The x-ray di�rac-
tion (XRD) measurement showed that these micro-
rods were highly crystalline with a wurtzite structure.

In the photoluminescence (PL) experiment, the ex-
citation source was a He{Cd cw laser at a wavelength
of 325 nm. A UV JY63 micro-Raman spectrometer
made in France was used to obtain PL spectra. An ex-
citation laser beam was focused onto the sample by an
objective lens (�10UV) with a spot size of � 15�m.
A charge-coupled-device (CCD) camera with a choice
of high resolution (< 1 cm�1) or wide spectral range
was used to detect the emission spectra. A liquid ni-
trogen cooled temperature variable stage was used to
carry out the temperature-dependent measurements.
The thermal stability at any chosen temperature was
< 1K.

Figure 1 shows the PL spectra of the ZnO micro-
rods as a function of the excitation intensities at room
temperature. The excitation intensity is changed from
700W/cm2 to 28.3 kW/cm2. At low excitation inten-
sity there is only one PL band observed due to the
free exciton emission (denoted by Eex) in the spec-
tra. When the excitation intensity is increased to
2.1 kW/cm2, an additional emission band (denoted by
P ) appears as a shoulder of the Eex band with the pho-
ton energy of 75meV below the Eex band (from other
reports the P band could be seen clearly under the ex-
citation intensity of 7.5 kW/cm2 or higher).[8;9] With
the further increase of the excitation intensity, the in-
tensity of the P band grows superlinearly. When the
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excitation intensity exceeds 16 kW/cm2, the intensity
of the P band dominates the PL spectra.

Fig. 1. (a) PL spectra of ZnO micro-rods under di�er-
ent excitation intensities at room temperature. (b) The
integrated intensity of the P band as a function of the
excitation intensity.

It is known that the P band is attributed to the ra-
diative recombination of an exciton{exciton collision
process. In the process, one of the two excitons takes
energy from the other and scatters into a higher ex-
citon state with a quantum number n > 1, while the
other recombines radiatively.[16�19] The photons emit-
ted in this process have the energies of En given by

En = Eex �Eex
b
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kT; n = 2; 3; 4; � � � ;1

(1)
where Eex is the free-exciton emission energy, Eex

b =
60meV is the binding energy of the free exciton, n
is the quantum number of the envelope function, and
kT is the thermal energy.[9;19] At room temperature,
according to Eq. (1), the values of Eex�En are 83, 91,
and 98meV for n = 2, 3, and 8, respectively, which
are in good agreement with the experimental results.
The quantitative analysis shows a quadratic relation
between the P intensity and excitation intensity when
the intensity changes in the range 2.1{4.0 kW/cm2. A
linear �t led to a slope of 1.98. Thus, it is con�rmed
that this band is P2 emission. At 7.1 kW/cm2, an ad-

ditional P band can be clearly seen as a shoulder at
lower photon energy side.

Fig. 2. PL spectra of ZnO micro-rods over a wide tem-
perature range under di�erent excitation intensities: (a)
2.1 kW/cm2, (b) 2.5 kW/cm2, (c) 4.0 kW/cm2.

Figure 2 shows the temperature-dependent emis-
sion spectra of ZnO micro-rods from 79K to
458K with the excitation intensity of 2.1, 2.5 and
4.0 kW/cm2, respectively. Unlike reports in the lit-
erature, there were �ve peaks observed at 79K. These
peaks are denoted as Eex, I, P , 2LO and 3LO, re-
spectively. The Eex and I emission bands are due
to free exciton emission and excitons bound to neu-
tral donor or acceptor transitions. The 2LO and 3LO
emission peaks located at � 135meV and 205meV
below the Eex band are from the phonon replicas of
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the free exciton. The P band is attributed to the
emission from the exciton{exciton collision process as
discussed earlier. The photon energy is � 58meV be-
low the Eex band, which agrees well with the calcu-
lated value from Eq. (1). Because the P band emis-
sion at low temperature is strong and very close to
the 1LO band, which is enveloped by the P-band, the
1LO band could not be seen clearly in the spectra.
For the sample excited below 2.1 kW/cm2, the lumi-
nescence spectra are dominated by the bound exciton
emission at low temperature. With the increase of the
temperature the intensity of I band decreases sharply.
When the temperature is increased above 128K, the
emissions from Eex and P bands dominate the emis-
sion spectra. When the excitation intensity reaches
to 2.5 kW/cm2 and 4.0 kW/cm2, the P band gradu-
ally dominates in the spectra with the increase of the
temperature.

Fig. 3. Peak positions of Eex (open dots) and P (solid
squares) bands versus temperature (triangles: (�E =
Eex � P ):

Figure 3 illustrates the peak positions of Eex (open
dots) and P bands (solid squares) together with the
energy separation (up-triangles) between Eex and P

bands as a function of temperature. The excitation
intensity is 2.1 kW/cm2 as shown in Fig. 2(a). As the
temperature increases, the emission photon energies
of Eex and P bands shift to the low energy gradu-
ally. Their energy di�erence increases linearly �rst
and then reaches saturation at T > 255K. The values
of �E (Eex � P2) calculated from Eq. (1) agree well
with the experimental data with temperature suggest-
ing that one of the two excitons is scattered into the
excitation state of n = 2 during the collision process.
At T > 180K, the value of �E grows quickly with the
temperature. It is argued that the drastic increase of
the P -band is due to the additional transitions from
the higher order scattering for n > 2 at higher temper-
ature. The higher excitation energies at 2.5 kW/cm2

and 4.0 kW/cm2 shows similar features as illustrated

in Fig. 3.

Fig. 4. Intensities of Eex (open dots) and P (solid
squares) bands versus temperature: (a) 2.1 kW/cm2, (b)
2.5 kW/cm2, (c) 4.0 kW/cm2.

The emission intensities of Eex (open circles) and
P (solid squares) bands as a function of temperature
are illustrated in Fig. 4. When the excitation inten-
sity is at 2.1 kW/cm2, the PL intensities of Eex and
P bands decrease gradually with the increasing tem-
perature in the low temperature region. The intensity
of Eex band is higher than that of the P band. When
the temperature is raised to 150K, the intensity of P
band becomes stronger than that of the Eex band and
reaches a maximum value at 200K. The intensity of
free exciton emission also shows a peak value at the
same temperature. Then, both intensities of Eex and
P bands decrease again with the further increase of
temperature. When the excitation intensity increases
to 2.5 kW/cm2 and 4.0 kW/cm2, the P band emission
intensity becomes stronger than that of the Eex band
in the entire temperature range as shown in Figs. 4(b)
and 4(c). The maximum value of the P emission in-
tensity is clearly shifted to lower temperature as the
excitation intensity is increased. Because the exciton
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density increases with increasing excitation intensity,
the probability of the exciton{exciton scattering also
increases, which induces that the maximum in inten-
sity of the P band shift to lower temperature.

Based on the above experimental results, a ther-
mally activated process for the exciton{exciton col-
lision is suggested. In order to explain the P emis-
sion intensity peak shift with temperature both den-
sity and activity of the photogenerated free excitons
are considered. When the sample is illuminated with
�xed excitation intensity, the density of the photogen-
erated free excitons is high at low temperature. The
free excitons at low temperature are localized, which
leads to low probability of exciton{exciton collision.
Thus, the P emission band is peaked in a low temper-
ature range. With the increase of the temperature,
although the density of the free excitons decreases,
the excitonic activity is increased. Hence, the col-
lision rate between exciton{exciton is also increased
drastically. Further increase of temperature leads to
the appearance of the excitonic ionization process as
the result of thermal activation. Thus, the interplay of
both the e�ects presented above leads to the observed
P -band emission maximum at particular temperature
for a �xed excitation intensity.

In conclusion, we have conducted both
temperature- and excitation-intensity-dependent PL
measurements. The temperature-dependent PL shows
an existence of the P-band intensity maximum emis-
sion at a particular temperature. This maximum
emission is also dependent on the excitation inten-
sity. A thermally activated process is proposed. In
this process, both the density and the activity of free

excitons play important roles.
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